INTRODUCTION
============

In recent years, great attention has been paid to the exploitation of flexible transparent conducting materials for applications in wearable electronics, flexible displays, touch panels, and solar cells ([@R1]--[@R5]). Typically, metal (Ag and Cu) nanowire networks/grids show great promise in terms of flexibility, transparency, and conductivity ([@R4], [@R6]--[@R9]). The development of Cu nanowire networks reduces costs as compared to that of noble metal networks. Moreover, efforts to develop core/shell structures greatly improve stability issues ([@R8]). In addition, graphene, which is a two-dimensional monolayer of carbon atoms in a honeycomb lattice, is one of the most flexible and transparent conducting materials ([@R10], [@R11]). Large-area and high-quality graphene thin films are successfully synthesized using chemical vapor deposition (CVD) over metal substrates (Cu and Ni) ([@R12], [@R13]); in particular, 1.5-inch single-crystal graphene can be deposited through a localized feeding approach over a Cu-Ni alloy substrate ([@R14]). Efforts to improve transfer strategies ([@R15], [@R16]) or to deposit graphene directly on insulating substrates (SiO~2~, SrTiO~3~, MgO, and Al~2~O~3~) ([@R15], [@R17]--[@R20]) have been made to overcome transfer-induced issues, such as cracks and wrinkles. Improvement in the large-scale homogeneity and smoothness of graphene will advance the use of its thin film in wafer level integrated electronics and meet high-standard requirements in terms of uniformity, connectivity, and roughness (\<1 nm) in the electronic industry.

Here, a type of ultra-smooth glassy graphene thin film was deposited on a SiO~2~ (quartz) substrate using an aqueous solution approach. It is found that glassy graphene is in an intermediate state between glassy carbon and graphene and inherits both of their excellent properties. From a structural perspective, glassy graphene is better crystallized than glassy carbon but still has a distorted lattice plane as compared with graphene. As for the properties, glassy graphene exhibits good chemical and thermal inertness, much like glassy carbon, with conductivity and flexibility comparable to those of graphene. Benefiting from the aqueous solution's large-scale synthesis system, which we term polymer-assisted deposition (PAD) ([@R21]--[@R24]), glassy graphene is derived from a molecular precursor coating, resulting in a homogeneous ultra-smooth surface (\<0.7 nm) film. Using the heat-curing property of the precursor polymer, the glassy graphene--based circuits are fabricated afterward through infrared laser direct writing. The glassy graphene thin film has great potential applications in flexible transparent integrated electronics.

RESULTS
=======

Structure evolution from glassy carbon to glassy graphene and graphene
----------------------------------------------------------------------

The PAD method is applied to deposit three types of carbon-based thin films under different catalysis conditions. First, a glassy carbon thin film is grown using a spin-coating and annealing process ([Fig. 1A](#F1){ref-type="fig"}). The Raman spectrum of the glassy carbon film ([Fig. 1B](#F1){ref-type="fig"}) shows four characteristic bands, including the D band (1350 cm^−1^), the G band (1597 cm^−1^), the 2D band (2695 cm^−1^), and the D + G band (2935 cm^−1^). The G and 2D bands indicate the presence of sp^2^ carbon in glassy carbon, whereas the relatively high D band points to the presence of defects. The microstructure of the glassy carbon thin film is further examined by transmission electron microscopy (TEM). From the high-resolution TEM (HRTEM) data, connected carbon atom rings could be clearly identified but were poorly ordered over larger planar distances ([Fig. 1C](#F1){ref-type="fig"}) ([@R25]--[@R27]). The diffraction rings from the selected-area electron diffraction (SAED) pattern also confirm that the glassy carbon thin film is partially crystallized and disordered ([Fig. 1C](#F1){ref-type="fig"}, inset). To enhance the crystallization, a layer of Ni thin film is evaporated on the glassy carbon thin film and re-treated via annealing. Because of the catalytic effect of Ni, an intermediate state between glassy carbon and graphene is obtained at 850°C, which we name here as glassy graphene ([Fig. 1D](#F1){ref-type="fig"}). Compared with glassy carbon, the Raman spectrum of glassy graphene shows four similar positioned bands but much sharper peaks ([Fig. 1E](#F1){ref-type="fig"}). One obvious difference is that the *I*~2D~/*I*~G~ ratio of glassy graphene is much higher than that of glassy carbon, increasing from 0.2 to 0.8. Even so, the relative high D band still indicates disorder in glassy graphene. TEM studies show the twisted lattice planes in glassy graphene ([Fig. 1F](#F1){ref-type="fig"}), and the SAED pattern accordingly exhibits a group of bright concentric rings. The Raman, TEM, and SAED analyses conclude that the bent and curved lattice plane is one of the most distinguishing features of glassy graphene (fig. S1), and the glassy state is the intermediate stage of graphene formation. To further graphitize the sample, as expected, graphene evolves from glassy graphene after the annealing temperature is increased to 1000°C. The typical Raman spectrum ([Fig. 1H](#F1){ref-type="fig"}) shows strong 2D and G peaks without a D peak. As is well known, a strong G peak and a disappearing D peak suggest that the sample has a well-ordered graphitic lattice with high crystallinity. Simultaneously, the enhanced *I*~2D~/*I*~G~ ratio points to the sample with a few layers or a single layer of graphene. From the HRTEM lattice image and six reflex spots in the SAED, one can recognize high-quality graphene ([Fig. 1I](#F1){ref-type="fig"}). From the above analysis, the structure evolution of the three types of material can be described ([Fig. 1J](#F1){ref-type="fig"}): Glassy carbon is partially crystallized and disordered, and glassy graphene shows high crystal quality but twisted, bent lattice planes, whereas graphene has perfect lattices. Fig. 1Evolution from glassy carbon to glassy graphene and graphene.(**A** to **C**) Synthesis process of a glassy carbon thin film and the corresponding Raman spectrum and HRTEM image. The inset to (C) shows the corresponding SAED pattern. (**D** to **F**) Synthesis of a glassy graphene thin film and the corresponding Raman spectrum and HRTEM image. The inset to (F) shows the corresponding SAED pattern. (**G** to **I**) Synthesis of a graphene thin film and the corresponding Raman spectrum and HRTEM image. The inset to (I) shows the corresponding SAED pattern. (**J**) Structure evolution from glassy carbon to glassy graphene and graphene.

Ultra-smooth surface of glassy graphene thin films
--------------------------------------------------

The different and distinct nature of glassy graphene thin films can be attributed to and is inherited from both glassy carbon and graphene. In glassy carbon, carbon atoms link to each other in an isotropy and glassy state without long-range orders, free from crystal domains and grain boundaries. Scanning electron microscopy (SEM) studies ([Fig. 2](#F2){ref-type="fig"}, A and B) show that the PAD-deposited glassy carbon and glassy graphene thin films are dense, smooth, and homogeneous in-plane, implying that glassy graphene retains the morphology of glassy carbon. In contrast, the as-deposited graphene thin film shows obvious cracks ([Fig. 2C](#F2){ref-type="fig"}) and domain boundaries, which might be caused by the reconstruction of the glassy carbon to graphene through a catalytic procedure. Intermediate glassy graphene has both high crystal quality and glassy carbon morphology. In addition, the glassy graphene thin film appears as a shiny and mirror-like surface to the naked eye ([Fig. 2D](#F2){ref-type="fig"}) and is found to be compact, connective, and free from cracks and pores (at the millimeter to nanometer scale), as determined through optical microscopy and SEM ([Fig. 2](#F2){ref-type="fig"}, E to G). Atomic force microscopy (AFM) was applied to further probe the surface morphology of the glassy graphene thin film ([Fig. 2](#F2){ref-type="fig"}, H and J). As anticipated, the AFM studies show that the glassy graphene thin film is compact and connective, as found in our SEM studies. According to the calculated height signal distributions ([Fig. 2](#F2){ref-type="fig"}, I and K), the glassy graphene film has low roughness (\<0.7 nm). This notably small roughness of the glassy graphene film is comparable to that found in commercially polished silicon wafers (roughness, \<1 nm) and makes the glassy graphene thin film competitive with metal (Ag and Cu) nanowire networks/grids or polycrystalline graphene thin films in terms of surface smoothness. Fig. 2Surface morphology of glassy graphene.(**A** to **C**) SEM images of glassy carbon (A), glassy graphene (B), and graphene (C). (**D**) Optical image of a glassy graphene film on a quartz substrate with a daisy on top, showing the reflective surface of the glassy graphene film. (**E**) Microscopy image of the glassy graphene thin film; the scratch was made to provide contrast between the film and the substrate. (**F** and **G**) SEM image of the glassy graphene thin film. The colored dotted circles mark the zoom area respective to the zooming factors in the colored arrows. (**H**) AFM image (30 μm × 30 μm) of the glassy graphene film. (**I**) The distribution of heights of the AFM image (H). (**J**) AFM image (1 μm × 1 μm) of the glassy graphene film. (**K**) The distribution of heights of the AFM image (J).

Performance of glassy graphene thin film
----------------------------------------

In addition to the structural and morphology properties, the glassy graphene thin film shows conductivity and transparency comparable to those of graphene, whereas the glassy carbon--like mechanical, chemical, and thermal stabilities are retained. The PAD fabrication route offers a large-scale and thickness-tunable production route for the glassy graphene thin film. [Figure 3A](#F3){ref-type="fig"} illustrates a 0.9-nm-thick glassy graphene thin film deposit on a quartz substrate (10 cm × 7 cm). The transparency and sheet resistance of the three types of thin films are studied with respect to their dependence on thickness, as shown in [Fig. 3](#F3){ref-type="fig"} (B and C). The data show that the performance of glassy graphene is comparable to that of graphene and surpasses that of glassy carbon. The 0.9-nm-thick glassy graphene film has a sheet resistance of 1.075 kilohm per square and a conductivity of 10,335 S/cm. The electrical conductivity of glassy graphene is comparable to that of CVD-grown graphene deposited on insulating substrates (10,000 to 25,000 S/cm) ([@R17]--[@R20]). In terms of transparency, monolayer graphene shows a transmittance of \~97%, whereas the 0.9-nm-thick glassy graphene and the 1.5-nm-thick glassy carbon show transmittances of \~89 and \~70%, respectively. To test the mechanical reliability of our as-grown glassy graphene thin film, we sonicated the film on a quartz substrate in an ultrasonic cell crusher (80 W and 40 kHz). After continuous sonication for an hour, the glassy graphene thin film's resistance shows no decline, strongly indicating the continuity and mechanical strength of glassy graphene ([Fig. 3D](#F3){ref-type="fig"}). At the same time, the glassy graphene film also inherits the outstanding chemical inertness of glassy carbon. After immersion in H~2~SO~4~ solution (pH 1) for 48 hours ([Fig. 3E](#F3){ref-type="fig"}), the glassy graphene thin film shows no detectable resistance variation. Even after being subjected to annealing in air at 400°C ([Fig. 3F](#F3){ref-type="fig"}), the resistivity of the glassy graphene thin film remains constant. A robust chemical and thermally stable character is typical of glassy carbon, yet it is also found in our glassy graphene. Fig. 3Transmittance, conductivity, and robustness of glassy graphene.(**A**) Image of the glassy graphene thin film on a quartz substrate (10 cm × 7 cm). (**B**) Transmittances of the glassy carbon, glassy graphene, and graphene with different thicknesses. (**C**) Sheet resistances of the glassy carbon, glassy graphene, and graphene with different thicknesses. (**D**) Mechanical toughness test of the glassy graphene film by sonication. (**E**) Chemical stability of the glassy graphene film under strong acid treatment \[H~2~SO~4~ (pH 1)\]. (**F**) Thermal stability of the glassy graphene film in air (annealed for 60 min at each point).

Laser direct writing of flexible glassy graphene circuits
---------------------------------------------------------

To further explore the potential applications of PAD-deposited glassy graphene, we performed laser direct writing for glassy graphene patterns/circuits. The polyethylenimine (PEI)--glucose precursor shows a thermal curing property. An infrared laser (1064 nm) is used to write a curing pattern on the precursor film, and the uncured part of the precursor could be easily removed by dissolving the film in water. As a result, a circuit pattern is readily obtained after the laser writing and rinsing process ([Fig. 4A](#F4){ref-type="fig"}). Following the annealing process, the glassy graphene circuits can be transferred from the quartz substrate to any substrate afterward, for example, a flexible substrate ([Fig. 4B](#F4){ref-type="fig"}). It should be noted that the sheer resistance increases from 10 to 15% after transfer (fig. S2). In addition, the electromechanical properties of the glassy graphene meander line pattern on flexible substrates were evaluated by bending experiments. In [Fig. 4C](#F4){ref-type="fig"}, the sheet resistance increases with increasing bending radius, and the film recovers its original conductivity after the strain is released. The strain-dependent resistance vibration (Δ*R*/*R*~0~) of the meander line shows an anisotropic character; Δ*R*/*R*~0~ upon bending in the direction perpendicular to the meander line axis (*Y* direction) is more sensitive than that in the direction parallel to the meander line axis (*X* direction). After repeated bending or twisting (250 times), the glassy graphene film's resistance does not show any obvious variation ([Fig. 4D](#F4){ref-type="fig"}). Thus, one can conclude that the glassy graphene thin film is as reliable and flexible as graphene ([@R10], [@R12]). In addition, a complete graphene field-effect transistor was produced to demonstrate its potential application for graphene-based circuits (fig. S3) ([@R28]). Fig. 4Preparation of glassy graphene--based circuits and the flexibility test.(**A**) Laser direct writing of glassy graphene circuits. (**B**) Image of glassy graphene circuits on a flexible substrate. The inset shows the as-written circuits. (**C**) Variation in resistance of a glassy graphene film on a polydimethylsiloxane (PDMS) substrate at different bending radii. (**D**) The variation in resistance after repeated bending up to 250 times.

DISCUSSION
==========

The microstructure of the glassy graphene thin film is in an intermediate state between glassy carbon and graphene and shows high crystallinity with a twisted/bent lattice. By inheriting both the properties of glassy carbon and graphene, the glassy graphene thin film exhibits excellent conductivity, transmittance, and flexibility, as well as outstanding mechanical and chemical stability. The aqueous polymer molecular precursor solution not only enables the formation of glassy graphene thin films at the wafer scale with less than 1 nm roughness but also allows for the easy laser direct writing of complicated circuits on any substrate. The ultra-smooth surface of glassy graphene (0.7 nm) satisfies the industrial requirement of surface roughness (less than 1 nm) in current integrated devices. As a result, the developed flexible and transparent circuits based on conductive glassy graphene show great promise for future electronics applications.

The distinct microstructure of the glassy graphene might lead to different electronic band structures. The imperfect and distorted lattice reduces the conductivity and transparency of glassy graphene as compared to perfect graphene ([Fig. 3](#F3){ref-type="fig"}, B and C). Nevertheless, the bent/twisted lattice implies the existence of intrinsic strain in glassy graphene, and this is expected to generate pseudomagnetic fields and induce valley polarization as found in graphene ([@R29], [@R30]). The strain effect in glassy graphene is an interesting topic for further study. It could pave the way for new applications in spin electronic devices.

MATERIALS AND METHODS
=====================

For a typical procedure, a homogeneous aqueous solution of glucose and PEI was spin-coated on clean quartz substrates and then annealed in an Ar/H~2~ atmosphere. The key to depositing a high-quality thin film is the inclusion of PEI, which increases the viscidity of the precursor and assists in the homogeneous polymerization of glucose molecular layers. As shown by the thermal weight analysis (fig. S4), pure glucose began to dehydrate at 250°C and lost 70% of its mass at 350°C, whereas PEI began to decompose at 310°C and lost 50% of its weight at 350°C. Therefore, PEI restrained aggregation during the initial dehydration stage of glucose. Without polymer assistance, the resultant film was porous and discontinuous (fig. S5).

Preparation of precursor and the annealing process
--------------------------------------------------

Glucose (1 g) (99.5%; Aldrich) and PEI (0.5 g) (molecular weight, \~25,000, branched; Aldrich) were dissolved in 5 ml of deionized water and stirred vigorously at room temperature for 12 hours. The quantity of glucose could be tuned from 1 to 0.2 g to adjust the glassy carbon film thickness. The precursor was then spin-coated onto quartz substrates at 8000 revolutions per minute for 30 s. Then, the precursor films were annealed gradually to 1000°C (2°C/min) in an Ar/H~2~ (10/1) atmosphere. Thereafter, the films were cooled down to room temperature after annealing at 1000°C for 5 min. To further enhance the crystallinity of the as-obtained glassy carbon film, the Ni thin film was evaporated on top of the film. Glassy graphene was obtained through reannealing at 850°C, and graphene was obtained through reannealing at 1000°C. The residual Ni was removed through etching in 1 M FeCl~3~ solution.

Characterization
----------------

The surface of the glassy graphene thin films was characterized by an atomic force microscope (Asylum Research MFP-3D-BIO), a scanning electron microscope (Hitachi SU8010), and an optical microscope (Shanghai Changfang CMM-55E). The thicknesses of the films were tested by scanning the step between the film and the substrate using an atomic force microscope. The microstructures of glassy graphene thin films were characterized using HRTEM (FEI Tecnai G20) and micro-Raman spectroscopy (RAMAN, Renishaw, inVia Reflex). The ultraviolet-visible absorption spectrum is recorded on a UV-2501PC spectrometer (Shimadzu). The sheet resistances of glassy graphene thin films were probed using a four-point probe resistivity measurement system (Guangzhou 4-Probes Tech, RTS-9).

Transfer process from quartz substrates to PDMS substrates
----------------------------------------------------------

PDMS (Sylgard 184, Dow Corning) was prepared by mixing a curing agent and an elastomeric base at a 1:10 weight ratio. The freshly mixed PDMS was sprayed onto a glassy graphene/quartz substrate and cured at 70°C for 12 hours. Afterward, the quartz substrate was removed by immersing it in NaOH solution (1 M) for 48 hours.

Laser direct writing conditions
-------------------------------

A laser direct writing machine was applied to carry out the pattern writing process (FT-LDW-IR20, Suzhou FTI Co. Ltd.). The wavelength, power, frequency, and scan speed of the pulsed laser are 1064 nm, 3.5 W, 60 kHz, and 120 mm/s, respectively.
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fig. S1. HRTEM images of glassy graphene.

fig. S2. Resistance and conductivity of glassy graphene thin films after transfer.

fig. S3. Structure and property of the glassy graphene field-effect transistor.

fig. S4. Time gravity analysis of the glucose-PEI mixture compared to that of PEI and glucose.

fig. S5. PEI-assisted film growth.
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